The superoxide-generating enzyme of human neutrophils, NADPH oxidase, is present in a dormant state in unstimulated neutrophils. It can be converted to an active form in a cell-free system if both the plasma membrane and cytosol fractions are incubated together in the presence of arachidonic acid. This system was used to determine the nature of the biochemical defect in seven patients with the autosomal recessive, cytochrome b-positive form of chronic granulomatous disease (CGD). A severe deficiency in the cytosol factor was identified in each patient. The defective activity was not caused by the presence of an inhibitor, nor could it be restored to normal by combining cytosol fractions from different patients. In contrast, the membrane fractions from all seven patients contained normal levels of NADPH oxidase when activated in the presence of control cytosol. Of family members tested (obligate heterozygotes for this disorder), seven of eight had intermediate levels of cytosol factor activity. The respiratory burst defect in this form of CGD is caused by an abnormality in the cytosolic factor required for NADPH oxidase activation.
Introduction
Chronic granulomatous disease (CGD)' is a congenital disorder in which phagocytic cells are unable to generate hydrogen peroxide, superoxide (Q2), and various other oxygen radicals in response to microorganisms (1) . Since these agents play 1 . Abbreviations used in this paper: CGD, chronic granulomatous disease;°2, superoxide; NBT, nitroblue tetrazolium; PMA, phorbol 12-myristate 13-acetate. a critical role in the microbicidal systems of the phagocyte, patients with CGD suffer from recurrent infections. It has long been recognized that the phenotype of CGD can be caused by at least two genetic mutations, one X-linked and the other autosomal recessive (1) . More recently, these two forms of the disease have each been subclassified based on the presence or absence of cytochrome b558, a heme protein believed to be a component of the superoxide-generating enzyme, NADPH oxidase (2) (3) (4) . That at least three ofthese four possible forms of CGD are genetically distinct has been demonstrated by complementation studies using hybridized monocytes derived from patients with different forms of CGD (4, 5) .
Numerous studies have demonstrated that homogenates of CGD cells do not contain measurable NADPH oxidase activity (6, 7) . The failure to observe oxidase activity can be explained by either a defect in the enzyme itself or an abnormality in the pathway responsible for its activation. Until recently, however, it has not been possible to distinguish clearly between these two possibilities. The development of a cell-free system for activating dormant NADPH oxidase from unstimulated neutrophils has provided new tools for the study of this question (8-1 1).
In the cell-free system, NADPH oxidase from disrupted unstimulated neutrophils can be activated by AA provided that both the cytosol and membrane-containing fractions are present. We have previously shown that the factor present in the cytosol was normal in eight patients with either the Xlinked or autosomal recessive, cytochrome b-negative forms of CGD (9, 12) . In contrast, the membrane fraction from each of these patients failed to generate O2 in the presence of normal cytosol. The observation that the cytosol factor is absolutely required for NADPH oxidase activation in the cell-free system raised the possibility that a defect in this factor might be responsible for one of the forms of CGD. In this report we describe seven patients with the autosomal recessive, cytochrome b-positive form of CGD whose disease appears to be due to a severe deficiency of cytosol factor activity. The plasma membrane fraction in each patient, on the other hand, could be activated to generate a normal rate of O2 in the presence of control cytosol. In addition, we have been able to identify the carrier state in this autosomal recessive form of CGD on the basis of intermediate levels of cytosol factor in all but one of the parents tested from these families.
Methods
(Type VI), NADPH (Type I), nitroblue tetrazolium (NBT), and phorbol 12-myristate 13- ( 12) . After the removal of Percoll, all particulate fractions were resuspended at a concentration of 12.5 X 101 cell equivalents/ml (4.0±0.9 SD mg protein/ml) as previously described (18) Intact cell superoxide generation and NBT reduction. Intact cell superoxide production was measured as previously described using PMA and AA as stimuli (I19). NBT reduction was determined using the same reaction mixture except NBT (1 mg/ml) was substituted for cytochrome c. After 5 min of stimulation, the NBT reaction mixture was placed on ice and the percentage of positive cells was determined microscopically as previously described (20).
Results Table I shows the results of two experiments in which membranes and cytosol from CGD patients were mixed with those from controls in different combinations. When CGD cytosol was mixed with CGD membranes, negligible rates of O2 generation were detected (< 1% of control). The defect in oxidase activation was not due to an abnormality in the membrane fraction, as the CGD membranes were capable of generating normal rates of superoxide when activated in the presence of control cytosol. Instead, there was a marked abnormality in cytosol factor activity. Control membranes activated in the presence of cytosol from each of the patients produced O2 at rates that were 2.4 and 7% ofcontrol. (The observation that the cytosol defect was even more striking [0.3 and 0.6% of control] when each patient's cytosol was tested against his own membranes appears to be due to small amounts of cytosol factor which remain associated with some preparations of control membranes.) The defect in the CGD cytosol did not appear to be caused by an inhibitor, as evidenced by the failure of CGD cytosol to inhibit control cytosol factor activity when mixed together. The negligible oxidase activity in the presence of CGD cytosol also did not appear to be due to an altered affinity for NADPH caused by the CGD cytosol. In control experiments not shown using cytosol from patients 1, 5, and 7, NADPH concentrations as high as 1 mM failed to improve the rate of Q2 generation by either patient or control membranes. This control was of particular importance in the studies on patient 5, as she has been previously reported (15) patient had the highest level of cytosol factor activity (6.7% of control) when tested against both her own and control membranes. The rate of O2 production by each patient's intact cells in response to PMA was also examined. Four of the seven patients were found to generate trace amounts of O2, again with the highest rate (1.3% of control) seen in patient 5. As shown in Table II , cytosol factor levels ranged between 0.7 and 7.0% of control in this series of patients when assayed against control membranes. When tested against CGD membranes, cytosol factor levels were < 2.0% in six of the patients. In contrast, the level of arachidonate-activatable NADPH oxidase in the membrane fractions from all of the patients was at or above control levels. Since this form of CGD is inherited in an autosomal recessive manner, it was of interest to determine whether intermediate levels of cytosol factor were present in the neutrophils of obligate heterozygotes. Table III summarizes the findings from these studies. In four of the five mothers tested and in both fathers examined using the cell-free system, intermediate levels of cytosol factor activity were found when calCulated on either a per-cell or per-milligram basis. The sister of patient 1 also had an intermediate cytosol factor level. The average level for all eight family members was 55% of control when expressed in terms of cell equivalents of cytosol. In contrast to this clear demonstration of the carrier state in the majority of family members were the results obtained with intact cell measurements ofrespiratory burst activity. In these studies, most ofthe family members had normal levels of both O2 production and NBT reduction in response to PMA. These results suggest that the cytosol factor concentration in normal neutrophils is saturating with respect to oxidase activation, and that in most individuals, an -50% decrease in cytosol factor levels does not affect the magnitude of respiratory burst.
Since the defect in this group of patients involves the cytosol fraction, it is possible to perform mixing experiments using cytosol fractions from different patients to test whether there is any detectable heterogeneity within the group. Mixing of cytQsols from patients 1 and 3, 2 and 4, or 1 and 7 failed to restore normal cytosol factor activity. The small quantities of cytosol obtained from the other patients precluded the testing of other combinations. The results of these mixing studies suggest that there is a common defect in the cytosol in this group of autosomal recessive, cytochrome b-positive patients.
Discussion
The severe respiratory burst defect in autosomal recessive, cytochrome b-positive CGD can be explained on the basis of the findings presented above. In previous studies, we (9, 12) and others (8, 10, 11, (21) (22) (23) have demonstrated that the activation of dormant NADPH oxidase in the cell-free system requires the presence of a cytosol factor. Without it, oxidase cannot be activated in these systems. The finding that patients with this form of CGD are severely deficient in this cytosol factor can therefore account for their respiratory burst defect. Further support that this deficiency is the underlying basis for this type of CGD is provided by the family studies in Table III , which demonstrate the expected intermediate levels of cytosol factor in seven of the eight family members tested. These studies also indicate that the cytosol factor is not merely an artifact of the cell-free system, but is essential for oxidase activation in the intact cell. The identity of the cytosol factor has not yet been established. Previous studies have shown that it exists in at least two forms based on apparent molecular weight from gel filtration chromatography (12, 22) . We have reported that the factor appears to be a 240-kD protein that may dissociate under some circumstances into -40-kD subunits (12) . The cytosol factor can be resolved from protein kinase C under these chromatographic conditions and does not require calcium or ATP for activity. The cytosol factor does require Mg2e for activity, but beyond this no other low molecular weight substances have been found to be required. Attempts to further purify the cytosol factor in our laboratory have been frustrated by the instability of the partially purified material.
The autosomal recessive, cytochrome b-positive form of CGD can be readily distinguished from both the X-linked, cytochrome b-negative and autosomal recessive, cytochrome b-negative forms of CGD in the cell-free system. In the latter two forms of CGD, the cytosol factor is normal while the membranes are defective (9, 12) . The opposite is the case in autosomal recessive, cytochrome b-positive CGD. Of interest is the correlation between the presence or absence of cytochrome b and whether the dormant oxidase in the membrane fraction can be activated by arachidonate. In both of the genetic forms of cytochrome b-negative CGD, the membranes are defective, while in the cytochrome b-positive form discussed in this report, the membranes can be normally activated with control cytosol. There is now little doubt that cytochrome b plays an important role in NADPH oxidase function, although its precise biochemical role in oxidase function has yet to be determined. The recent cloning of the gene defective in X-linked CGD (24) and the finding that this gene encodes the 91-kD subunit of the cytochrome b heterodimer (25) have unequivocally established that the absence of cytochrome b leads to a defect in the respiratory burst.
The clinical severity of autosomal recessive, cytochrome b-positive CGD appears to be less than that seen in the cytochrome b-negative forms, an observation also made by Tauber et al. in their review of CGD (26) . In the present series, CGD was not diagnosed in patients 1 and 6 until the ages of 30 and 9, respectively, when each developed hepatic abscesses. Their previous medical histories were significant only for impetiginous skin lesions. Patient 2 has had only one serious illness, Legionella pneumonia, in addition to occasional skin infections ( 13) . Patient 5 (who has the highest level of cytosol factor activity) has been healthy and was diagnosed only after her male sibling died of Aspergillus pneumonitis (15) . Our findings that these patients have low, but detectable, levels of cytosol factor activity and that the membrane component of NADPH oxidase is normal suggest that the small amount of O2 generated by their neutrophils may, when amplified by the myeloperoxidase-dependent bactericidal system, be sufficient to protect against some types of infections.
